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A B S T R A C T

The theory of the Moon’s formation via a giant impact, along with initial early sample analyses, suggested that 
the Moon is extremely volatile-depleted relative to the Earth. Yet, the petrologic studies of lunar melt inclusions 
and volcanic glasses over the last two decades suggested that water content in the lunar mantle is much higher 
(as high as 133 – 292 μg/g) than expected and is similar to the Earth’s shallow upper mantle. This high water 
concentration of the lunar mantle challenged prevailing models of the formation and early evolution history of 
the Moon, suggesting that not all volatiles were lost, or that impactors supplied additional volatiles. However, 
previous petrologic models of lunar primary melt water content reconstruction did not consider many key 
magma differentiation processes. Here, we model lunar magmatism taking into consideration the process of 
magmatic recharge and show that such a process can explain the anomalously high water abundances, along 
with other volatile elements such as S, F, and Cl, in Apollo sample 74220 basaltic melt inclusions, as well as the 
available volatile data of Apollo 79135 and 15597 basaltic to andesitic melt inclusions. Moreover, the model can 
also explain the MgO content and high-Ti nature of 74220 inclusions, since recharge results in ever-increasing 
incompatible element concentrations while buffering major element compositions. Therefore, other than 
deriving from a wet background mantle, we propose an alternative scenario that the water-rich lunar melts could 
originate from a water-poor (as low as 1–22 μg/g), primitive, magma ocean cumulate. The estimated extent of 
volatile depletion of the lunar interior varies with the vigor of the magmatic recharge process. Further studies are 
necessary to independently assess evidence of magmatic recharge, the melt replenishment frequency, and the 
impact of such a magma reservoir process in our understanding of lunar mantle-crust evolution.

1. Introduction

The bulk silicate Moon has long been considered depleted in volatile 
elements compared to the bulk silicate Earth (Ringwood and Kesson, 
1977; Taylor et al., 2006). This volatile depletion is consistent with the 
giant impact theory for the origin of the Moon (Cameron and Ward, 
1976; Canup and Asphaug, 2001; Hartmann and Davis, 1975) as the 
large energy associated with the impact should have evaporated the 
volatiles, and may have been accompanied by subsequent incomplete 
accretion in the proto-lunar disk (Canup et al., 2015) and lunar magma 
ocean degassing (Day et al., 2007). This volatile element depletion on 
the Moon relative to the Earth is also supported by the isotopic studies of 
moderately volatile elements (e.g., Day and Moynier, 2014; Kato et al., 
2015; Sharp et al., 2010). Determining lunar volatile abundance, how
ever, is challenging, as there is no direct way to measure the composition 
of the lunar mantle. Using returned samples and lunar meteorites, at
tempts to reconstruct lunar mantle volatile budgets have focused on 

analyzing quenched melts (e.g., volcanic glass; Saal et al., 2008) or 
magma crystallization products (e.g., bulk rock mare basalt, apatite, and 
nominally anhydrous minerals; Barnes et al., 2014; Greenwood et al., 
2011; Hui et al., 2013; Mallik et al., 2022; McCubbin et al., 2015; Pernet- 
Fisher et al., 2014; Robinson and Taylor, 2014; Tartèse et al., 2013). 
However, estimated water contents using these different methods vary 
by five orders of magnitude (Table S1), mainly due to uncertainties in 
extrapolating measured H contents to primary H contents or the actual 
meaning of measured H contents. For example, H in mare basalts can 
include a component from solar wind implantation or spallation re
actions (Haskin and Warren, 1991), which needs to be considered and 
corrected accordingly. Volcanic glasses lose water during degassing, 
requiring extrapolation to reconstruct pre-degassed H contents. Using 
nominally anhydrous minerals to reconstruct pre-degassed melt H con
tents relies on H partition coefficients. However, uncertainties in these 
values are probably not well constrained. Accessory minerals, such as 
apatite, which incorporate H directly into their structure, can potentially 
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preserve pre-degassing signatures (e.g., Boyce et al., 2010; Ji and 
Dygert, 2024). Still, such minerals are late-forming and do not record 
early magmatic states (Stephant et al., 2020). Importantly, even if pre- 
degassed signatures are obtained, extrapolating melt compositions to 
the mantle source requires correcting for the effects of magmatic dif
ferentiation and mantle melting conditions (e.g., Ji and Dasgupta, 
2025). These processes are seldom well-constrained or critically 
considered.

The recent developments in in situ analysis of melt inclusions hold 
promise in resolving some of the above limitations, particularly the ef
fects of degassing. Melt inclusions are trapped within phenocrysts, and 
have the potential to preserve the primitive melt composition. However, 

several syn- and post-entrapment processes may alter the original sig
natures of trapped melts. Some inclusions undergo post-entrapment 
crystallization or bubble formation; such a process can be reversed by 
the lab homogenization experiments or model calculations (Ni et al., 
2017; Wallace et al., 2015). The trapped melt may also undergo syn- 
entrapment modification, where the compositions of inclusions 
deviate from the primitive melt because of the incorporation from the 
diffusive boundary layer (Audétat and Lowenstern, 2013), as well as 
some post-entrapment processes, such as decrepitation (Lowenstern, 
1995; Zhang, 2024) and diffusion exchange between outer melt and the 
host mineral (Chen et al., 2013; Lloyd et al., 2014; Portnyagin et al., 
2019). These challenges can be circumvented by selecting large and 

Fig. 1. (A) Concentrations of Ce versus H2O and (B) H2O/Ce versus MgO for melt inclusions in Apollo 74220, 79135, and 15597 samples, along with the orange 
glasses in 74220 for comparison. (C) Concentration of Ce versus MgO and (D) Zr versus MgO for melt inclusion and orange glasses in 74220. The semitransparent 
symbols represent the compositions of inclusions before the post-entrapment crystallization (PEC) correction. Different green symbols for the 79135-OL11-2 melt 
inclusions reflect different PEC correction assuming Fo71 and Fo80. The fractional crystallization calculation (Black solid line), assuming crystallized minerals consist 
of 90% of olivine and 10% of ilmenite, is estimated based on the modal percentages of phases reported by McIntosh et al., (2024) for crystallized 74220 glass beads. 
The partition coefficients of MgO, Ce, and Zr for olivine-melt and ilmenite-melt pairs are obtained from measurement on lunar olivine-bearing melt inclusion (Chen 
et al., 2022) and lunar relevant partitioning experiments (Dygert et al., 2013). The evolution trend of the 74220 melt inclusion cannot be explained solely by 
fractional crystallization.
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rapidly quenched inclusions (Ni et al., 2019; Su and Zhang, 2024). In 
this regard, inclusions hosted by olivine are considered to be more 
representative of the pre-eruptive, primitive melt (Hauri et al., 2011; He 
et al., 2025). However, melt inclusions only freeze in the volatile record 
at the time of inclusion formation, so any pre-entrapment magmatic 
processes (from mantle melting to fractional crystallization) must be 
accounted for to reconstruct primary melt and source compositions.

A widespread approach in geochemistry to avoid complicated 
reconstruction of the magmatic process is to use conservative elemental 
ratios, that is, elements that are incompatible in almost all crystallizing 
phases and, therefore, their relative abundances in the melt do not 
change with crystallization or during partial melting of the mantle. For 
reconstructing H contents, the H2O/Ce ratio has been demonstrated to 
be a conservative index in terrestrial magmas, as H and Ce are both 
highly incompatible. Accordingly, their ratios remain constant during 
magmatic differentiation (Dixon et al., 2002; Michael, 1995; Saal et al., 
2002). It follows that if the initial Ce concentration of the lunar mantle 
source is known, the H content of the mantle can be determined from the 
measured H2O/Ce ratio of the melt inclusion. Using this approach, 
recent studies have concluded that the lunar mantle could be more “wet” 
than previously thought, as inferred water concentrations approach 
those of the Earth's upper mantle (e.g., Chen et al., 2015; Hauri et al., 
2015; Su and Zhang, 2024). An example is Apollo 17 sample #74220 
olivine-hosted inclusions, which retained high water concentrations (up 
to 1563 μg/g; Fig. 1; Su and Zhang, 2024) due to its rapid post-eruptive 
cooling (Ni et al., 2017). These results have led to a recent reinterpre
tation of the Moon’s origin and evolution. Specifically, volatiles, espe
cially water, somehow survived the high-energy impacts associated with 
Moon formation (Saal et al., 2008) or were supplemented by a late 
veneer (Albarède et al., 2013; Engels et al., 2024).

While melt inclusions likely preserve H contents better than any 
other lunar material, the effects of magmatic differentiation before 
entrapment of the melt inclusions need to be considered carefully. 
Magmas undergo a bewildering array of processes from the source re
gion to the eruption. These include crystallization, mixing, assimilation, 
and recharge (DePaolo, 1981; Rooney et al., 2018). Although the 
importance of crystallization is obvious, magmatic recharge is also a 
first-order process in the formation and evolution of magma chambers 
(Albarède, 1985; O'Hara, 1977; O’Neill and Jenner, 2012; Steiner et al., 
2024). Fractional crystallization alone may not be able to fractionate the 
relative abundances of highly incompatible elements, but recharge can 
give rise to anomalous compositions that complicate any reconstruction 
of primary compositions. For instance, recharge has often been used to 
explain the anomalous enrichment of highly incompatible elements 
relative to the compatible elements (Krans et al., 2024; O’Neill and 
Jenner, 2012), as well as the variation of highly incompatible element 
ratios (Lee et al., 2014; O'Hara, 1977) observed in various tectonic set
tings on Earth [e.g., mid-ocean ridge (Coogan and O’Hara, 2015; Ran
nou et al., 2006), arc magmas (Chiaradia et al., 2011; Lee et al., 2006), 
and intraplate setting (Yu et al., 2015; Yu et al., 2017)].

The cyclic variation of magma composition, as suggested by the 
complex zoning in phenocrysts, especially the reversed zoning of olivine 
and plagioclase (Donaldson and Brown, 1977; Luo et al., 2023; Wong 
et al., 2025), can be taken as evidence of replenishment of new, more 
primitive melt during the mineral crystallization. Although the number 
of samples from the Moon is relatively limited, previous studies have 
reported compositional zoning of lunar minerals for decades (e.g., 
Hargraves et al., 1970; Hollister et al., 1971). Previous studies reported 
oscillatory (e.g., Boyd and Smith, 1971; Burger et al., 2009; Crawford, 
1973; Elardo and Shearer, 2014; Götze et al., 1999; Luo et al., 2023; Xue 
et al., 2019) and hour-glass sector zoning (Srivastava et al., 2024) of 
olivine, pyroxene and plagioclase in lunar returned mare basalt and 
basaltic meteorites, an observation that has been interpreted as resulting 
from magmatic recharge in various terrestrial settings (e.g., Ginibre 
et al., 2007; Streck, 2008; Xing and Wang, 2020). Although the crys
tallization kinetics involving cation diffusion and mineral growth can 

also explain the phenomenon (Lofgren et al., 2006; Milman-Barris et al., 
2008), some authors believe the complex zoning, especially the repeated 
reversed zoning sections, reflect the cyclic change of melt composition 
(e.g., Elardo and Shearer, 2014; Luo et al., 2023; Xue et al., 2019), 
indicating that the magmatic recharge process operated in the lunar 
magma reservoirs from ~3.9 Gyrs (Srivastava et al., 2024; Xue et al., 
2019) to ~2.0 Gyrs (Luo et al., 2023).

For the water-enriched lunar samples, such as Apollo 74220, no re
ports of reverse or oscillatory zoning in minerals have been documented 
yet. However, the short-scale complex zoning was observed in olivine 
from the Apollo orange glass sample 74001/2 (First et al., 2023; First 
et al., 2025), which could be related to the periodic change in melt 
composition because of the repeated replenishing and magma differ
entiation in the reservoir before eruption (e.g., Streck, 2008; Ubide 
et al., 2019). Given the proximity of sampling locations for 74001/2 core 
and 74220, and the similarities observed in their petrological texture of 
olivine (McIntosh et al., 2024), grain size distribution (e.g., Heiken and 
McKay, 1974), glass beads major element chemistry (e.g., Shearer et al., 
2024), and age data (e.g., Husain and Schaeffer, 1973; Saito and Alex
ander, 1979), these samples may have originated from one pyroclastic 
event from the source (Gibson and Andrawes, 1978), and therefore the 
periodic magma refill may have also played a role in the evolution of 
Apollo 74220 reservoir.

More importantly, geochemical characteristics can further provide 
evidence for the existence of magmatic recharge. Numerous terrestrial 
studies demonstrate that certain indirect geochemical characteristics 
can also indicate the crucial role of magmatic recharge. Because of being 
effectively isolated from the rest of the melt reservoir, the inclusions 
generally exhibit more primitive composition (e.g., lower incompatible 
element concentrations) compared to the coexisting matrix and volcanic 
glass, as the latter should be the product of fractional crystallization if 
the magmatic system remains closed (e.g., Ding et al., 2025). For several 
cases, magmatic recharge has been proposed because the melt inclusions 
show similar or even more evolved compositions compared to the whole 
rock or residual glass (e.g., Anderson, 1976; Ding et al., 2025; Rhodes 
et al., 1979). We observed that Apollo 74220 olivine-hosted inclusions 
display similar concentrations of incompatible elements compared to 
the embayment and volcanic glass form the same sample (e.g., Ce con
centrations of ~18–28 μg/g in glass and ~11–27 μg/g in the glassy in
clusions after post-entrapment correction; same for the other rare earth 
elements and K; Chen et al., 2015; Ni et al., 2019; Fig. 1; Table S2). This 
indicates that the Apollo 74220 magma reservoir did not remain closed 
and therefore, recharging melt could counteract the evolutionary trend 
expected from fractional crystallization alone. In addition, the anoma
lous compositional trend, such as the relatively constant major element 
concentrations with the obvious variation of incompatible elements (e. 
g., O'Hara, 1977; O’Neill and Jenner, 2012; Steiner et al., 2022; Walker 
et al., 1979), was also observed in 74220 melt inclusions (e.g., Fig. 1C-D; 
Table S2). This trend is difficult to explain solely by olivine and ilmenite 
fractional crystallization proposed by the previous petrogenesis study of 
74220 magma (McIntosh et al., 2024). However, the geochemical data 
align well with the evolution trend of recharge proposed by previous 
studies (e.g., Albarède, 1985; Lee et al., 2014; O'Hara, 1977).

Motivated by these lines of evidence suggesting the potential 
importance of magmatic recharge processes on the lunar magma reser
voirs, here we evaluate the influence of recharge, a fundamental process 
in magma evolution, on the interpretation of lunar melt inclusion 
geochemistry. We primarily focus on Apollo 17 sample #74220 (Fig. S1; 
Table S2), which is commonly used to infer a relatively wet lunar 
mantle. We also extended our modeling to water and other available 
volatile element data from melt inclusions in Apollo 79135 and 15597 
samples (Fig. 1A–B; Su and Zhang, 2024) in an effort to explain their 
volatile content. Melt inclusions in these samples, although not as water- 
rich as those in Apollo 74220, also showed elevated volatile/non- 
volatile trace element ratios. Our geochemical modeling shows that 
magmatic recharge, combined with fractional crystallization, can 
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significantly alter the lunar primary melt H2O and H2O/Ce estimates, as 
well as many other volatile and non-volatile incompatible elements, 
depending on the frequency of the recharge events. We argue that the 
lunar mantle water and other volatile element budget can be moderately 
to severely depleted compared to many recent estimates.

2. Methods

2.1. The general effects of magmatic recharge

The mass and composition of a magma reservoir are controlled by 
several processes, including crystal segregation, recharge, eruption/ 
evacuation, and wall rock assimilation (e.g., Rooney et al., 2018). Here, 
we explore the effects of simultaneous magmatic recharge and fractional 
crystallization with varying proportions of eruption on lunar melt 
composition by the analytical equations in Lee et al. (2014) (Equations 
are provided in Supplementary materials). Continuous recharge in a 
simultaneously crystallizing magma reservoir results in progressive 
enrichment of incompatible elements in the melt because these elements 
are not partitioned into crystallizing phases, and in the buffering of 
compatible and major element concentrations in the melt because their 
abundances are replenished by the recharging melt (DePaolo, 1981). 
Compatible elements reach compositional steady state (a state where 
recharging melt balances the compositional variations caused by crys
tallization and eruption, such that the bulk composition of the magma 
reservoir does not change significantly with time or further recharge 
pulse) faster (i.e., with lower integrated recharge) than incompatible 
elements. Consequently, recharge generates incompatible element- 
enriched melts without significant depletion in compatible elements 
like Mg, giving the impression of a primitive melt derived from an 
enriched source (e.g., Apollo 74220 sample; Table S2). In particular, for 
incompatible elements, small differences in partitioning behavior 
become magnified with progressive recharge events, leading to frac
tionation of incompatible element pairs, complicating the use of their 
ratios as perfectly conservative tracers (Lee et al., 2014).

2.2. Model set-up

For recharge models, we assumed constant partition coefficients for 
each recharge event (e.g., Coogan and O’Hara, 2015; Lee et al., 2014; 
O’Neill and Jenner, 2012). This is not an unreasonable assumption given 
that the primary control on partition coefficients is temperature, and 
recharge tends to buffer the temperature and major element composi
tion of a crystallizing magmatic system. The determination of elemental 
partition coefficients for parental melts of different volatile-enriched 
melt inclusions during their evolution within magma reservoirs will be 
detailed in subsequent sections. As the first-order approximation, we 
assume the composition of the recharging melt is equal to that of the 
initial melt in the reservoir (henceforth referred to as parental melt), 
given that both may originate from the same mantle source. As recharge 
in the reservoir continues with crystallization, the melt in the reservoir 
approaches a steady state composition (Eq. S7). Because time cannot be 
directly tracked, we track the progression of time through the number of 
“turnovers”, which is the ratio of the total time-integrated mass of 
recharged melt to the original mass of the melt reservoir. Here, we 
calculate the evolution of Ce and H2O in three scenarios: 1) pure frac
tional crystallization (FC), 2) simultaneous recharge and fractional 
crystallization (RFC), and 3) simultaneous recharge, eruption, and 
fractional crystallization (REFC). We compare our modeling results with 
the geochemical data of volatile-enriched, lunar melt inclusions.

3. Modeling the parental melt water content and mantle source 
for the 74220 melt inclusions

3.1. The compilation of 74220 melt inclusions

In Table S2, we compiled all available data of major elements, major 
volatile elements (H2O, S, F, Cl), and their incompatible element coun
terparts (Ce, Dy, Zr, Ba) that are usually applied together as conservative 
element ratios, of the volatile-rich lunar melt inclusions (Chen et al., 
2015; Hauri et al., 2011; Hauri et al., 2015; Ni et al., 2017; Su and 
Zhang, 2024).

The primary investigated samples are the most water-enriched lunar 
melt inclusions in the Apollo 74220 sample (Chen et al., 2015; Hauri 
et al., 2015; Ni et al., 2017; Su and Zhang, 2024). Some melt inclusions 
in 74220 are crystalline and were homogenized in the laboratory in 
previous studies, resulting in the loss of H2O during this process, which 
necessitates further calibrations (Ni et al., 2019). In order to avoid the 
uncertainties involved in this correction, we only considered the natu
rally glassy inclusions (Fig. S1C-D). All melt inclusion data we compiled 
are olivine-hosted, and all host olivines show Mg# of 74–82, suggesting 
that they were not formed after eruption (Stephant et al., 2020). This is 
because the crystallization after eruption will make the concentration of 
incompatible elements in the melt show a negative correlation with host 
olivine Mg#, which was not observed here (Table S2). All inclusions 
experienced different degrees of post-entrapment crystallization (PEC), 
which severely altered their major element concentrations, such as MgO 
(transparent symbols; Fig. 1). We described our PEC correction methods 
in the Supplementary materials. We also provided the element concen
trations after PEC correction (Fig. 1; Table S2). In addition to the major 
elements, we also recalculate the volatiles and other highly incompat
ible elements of the inclusions, assuming these elements do not enter 
olivine during PEC because of their extremely low partition coefficients 
between olivine and lunar basaltic melt (Chen et al., 2022; Potts et al., 
2021; Table S3).

3.2. Choice of partition coefficients

The crystallizing mineral mode is required to calculate the bulk 
partition coefficients during recharge and fractional crystallization in 
the magma reservoir. We started from the well-studied Apollo 74220 
sample. Previous studies observed that the compositional trend of 74220 
melt inclusions overlaps with the trend of 74220 matrix glass and vol
canic orange glass beads, and that melt inclusions are similar to or 
relatively more primitive compositions compared to the glass (Fig. 1C-D; 
Hauri et al., 2011). Here, we found similar major element concentra
tions between the 74220 orange glass and the inclusion after the post- 
entrapment correction. Compared to melt inclusion, the compositions 
of 74220 glass beads exhibit comparable to higher incompatible re
fractory element concentrations with varying degrees of loss of volatiles 
(Fig. 1). The orange glasses experienced further equilibrium and/or ki
netic degassing during subsequent evolution and eruption (black arrow 
in Fig. 1 A-B). Given that the major element contents remained constant 
at steady state for most of the time in the modelling recharge process, we 
use high temperature phase equilibrium experiments based on the major 
element concentration of 74220 orange glass to constrain the average 
crystallizing mineral assemblage that may be in equilibrium with 74220 
melt inclusions (Green et al., 1975; Krawczynski and Grove, 2012).

The experimental work by Krawczynski and Grove (2012) suggests 
the 74220 orange glass is saturated with olivine and orthopyroxene at 
~1560 ◦C and 3.1 GPa for fO2 below the IW buffer, which is close to the 
lunar redox state (Dygert et al., 2025; Ji and Dygert, 2023; Rutherford 
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et al., 2017). Clinopyroxene and garnet are also observed as stable 
phases close to the liquidus at pressures higher than 3.1 GPa, and olivine 
always exists as a liquidus phase. An earlier study by Green et al. (1975)
suggested that the 74220 melt is saturated with olivine, orthopyroxene, 
and clinopyroxene at 1520 ◦C and 3 GPa, but olivine is not a liquidus 
phase at > 3 GPa. Because previous experimental studies did not yield 
convergent results, we applied the pMELTS program at five different 

pressures (2.2, 2.4, 2.6, 2.8, 3.0 GPa) and simulated isobaric crystalli
zation of 74220 orange glass composition starting from 1600 ◦C under 
the fO2 of IW–1 (Table S4, Fig. S2). We realized that a previous study 
indicated that the existing thermodynamic models exhibit varying de
grees of discrepancy when applied to compositions of lunar basalts and 
the corresponding oxygen fugacities compared to results of high pres
sure–temperature experiments (e.g., Astudillo Manosalva and Elardo, 

Fig. 2. The steady-state concentration ratio of H2O and Ce (Eq. S7) as a function of bulk partition coefficient ratio of H2O and Ce under the condition of recharge in 
the magma reservoir without (A) and with (B) melt eruption. The range of bulk partition coefficients for Ce (DCe) and H2O (DH2O) is from the Monte Carlo simulations 
described in the Supplementary materials. The grey area represents the H2O/Ce concentration ratio (CH2O/CCe) of Apollo 74220 melt inclusions (Table S2). Different 
colors in panel (A) represent different CH2O/CCe of the parental melt. Different colors in panel (B) represent different mass ratio (α; expressed as percentage) variations 
of melt removal to the parental melt during the REFC processes. The panel (B) shows that irrespective of the value of DH2O/DCe, the increased mass ratio of melt 
removal decreases the degree of fractionation between H2O and Ce, thereby weakening the effect of recharge.

Fig. 3. The Monte Carlo simulations showing the bulk partition coefficient ratio of H2O and Ce versus the bulk partition coefficient of H2O. The bulk partition 
coefficients are estimated using a Monte Carlo method, where partition coefficients of Ce and H2O between minerals and melt were randomly chosen from our 
compiled literature data (Table S3) and assuming the average crystallizing mineral assemblage is 15% olivine + 15% clinopyroxene + 70% orthopyroxene. The 
colors of the symbols present the density of the plotted data, and the yellow area is the place that represents the highest density. Two histograms show the data 
distribution of the Monte Carlo simulation results of 50,000 simulations; 29,229 out of 50,000 runs show DH2O/DCe values less than 1 (data lower than the dashed 
line). The red star represents the partitioning data applied in the main text, i.e., DH2O=0.014 and DH2O/DCe, =0.37, which corresponds to the peak in the histograms. 
The error bars of the histograms are the data distribution variations after considering the reported 2 sigma uncertainties of the compiled partitioning data (Table S3).
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2024). However, previous application of the MELTS family of algorithms 
to lunar samples has been shown to provide useful constraints on mantle 
source lithology, mantle melting conditions, and lunar magma crystal
lization (e.g., Fagan et al., 2014; Srivastava et al., 2022; Srivastava et al., 
2024). We tracked the crystallization of olivine, orthopyroxene, clino
pyroxene, and garnet by pMELTS, and the results suggested the 74220 
orange glass is saturated with garnet and orthopyroxene at ~1560 ◦C 
and 2.9 GPa, and clinopyroxene joins the crystallization assemblage at 
lower pressures. However, from 2.2 to 3.0 GPa, olivine does not occur as 
the liquidus phase, suggesting that the role of olivine during the evo
lution of 74220 orange glass may be limited. Due to the inconsistencies 
between previous experimental studies and the different results indi
cated by pMELTS modeling, the average crystallizing mineral mode 
cannot be well constrained. Therefore, in our main calculations, we 
assume the dominant phase in the crystallizing mineral assemblage is 
orthopyroxene (15% olivine + 15% clinopyroxene + 70% orthopyrox
ene), and then tested the scenario with 5% garnet in the mineral 
assemblage.

With the assumed crystallizing mineral assemblage, we performed 
Monte-Carlo simulations using a wide range of the mineral-melt parti
tioning data from fifty experimental studies and one lunar mineral-melt 
inclusion study (Table S3) to calculate the bulk partition coefficients. We 

investigated the effect of variations in bulk partition coefficients on H2O 
and Ce concentrations in the melt based on all possible bulk partition 
coefficients suggested by Monte-Carlo simulations after 50,000 sam
plings (Fig. 2). If DH2O/DCe is exactly equal to 1, the H2O and Ce will not 
fractionate from each other during recharge, and the steady state CH2O/

CCe is equal to the initial value (dashed line in Fig. 2A). If the bulk 
partition coefficient ratio is less than 1, the recharge will increase CH2O, 
CCe, and CH2O/CCe gradually. In this case, the high CH2O/CCe melt can be 
reproduced by the parental melt with low CH2O/CCe (Fig. 2A). If DH2O/

DCe is greater than 1, however, the recharge will decrease CH2O/CCe 
gradually, hence the melt can evolve from high CH2O/CCe to low CH2O/

CCe in the reservoir even without degassing (Fig. 2A). In order to find the 
most probable combination in bulk partition coefficients distribution, 
we plotted simulations of each element in density plots (Fig. 3 and S3- 
S4). The Monte Carlo results suggest the most likely bulk DH2O is be
tween 0.014 and 0.015, DH2O/DCe is between 0.25 and 0.5, and ~60% of 
simulations yield DH2O/DCe less than 1, i.e., H2O is more incompatible 
than Ce. Based on the density plot of the Monte Carlo simulation (Fig. 3), 
we chooseDH2O = 0.014 andDCe = 0.038 (DH2O/DCe = 0.37) in the 
following models.

Fig. 4. Concentrations of Ce versus H2O (A and C) and H2O/Ce versus MgO (B and D) for melt inclusions in Apollo 17 sample 74220, along with the orange glasses in 
74220 for comparison. Also shown in (A) and (B) are model trends for fractional crystallization (FC; red dashed line), recharge and fractional crystallization (RFC, 
cyan solid line), and recharge and fractional crystallization with 0.4% and 4% mass of evacuation trend (REFC, yellow and blue solid lines). (C) and (D) present 
calculation where the parental melt compositions are varied in the RFC model to reproduce the two most water-enriched inclusions [74220 A2 (Hauri et al., 2011) 
and 74220-OL7 (Su and Zhang, 2024); Table S2] after 200 turnovers (cyan areas), taking into account the 2σ uncertainties. The cyan circles and the numbers next to 
them in (A) and (B) represent the number of turnovers in the RFC model. The semitransparent stars represent the compositions of inclusions before the PEC 
correction. The arrows in panels (C) and (D) suggest the degassing trend that may exist during the magma evolution and post-eruption, which is closely related to the 
water depletion observed in the orange glass (Saal et al., 2008). The resultant H2O and Ce concentrations range in the parental melt of 74220 inclusions are 15–19 
μg/g and 0.5–0.8 μg/g, respectively. The required MgO content ranges from 32.4 to 36.5 wt%. The FC model trends are shown as red dotted lines (A and B) or red 
shaded areas (C and D) for comparison.
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3.3. The effects of magmatic recharge

The modeling results, presented in Fig. 4, show that under FC only, 
the MgO concentration of the melt progressively decreases, and Ce and 
H2O increase. However, Ce and H2O do not fractionate from each other 
efficiently, even after 90% of the melt solidifies (red dashed line in 
Fig. 4A–B). By contrast, under RFC (cyan lines in Fig. 4A–B), the con
centrations of compatible elements like MgO decrease first and approach 
a steady state due to buffering by recharging melt. Similarly, Ce and H2O 
initially increase, but eventually reach a steady state as well. Two 
important observations are – (1) because incompatible elements reach 
the steady state later than compatible elements (i.e., the partition co
efficient of element is negatively correlated with the number of turn
overs required to reach the steady state; Eq. S6), melts with high Ce and 
H2O for a given MgO can be achieved giving the false impression of 
primitive melts with anomalously high Ce and H2O. (2) Because H2O is 
taken to be more incompatible than Ce, based on the argument pre
sented above (DH2O/DCe < 1; Fig. 3), Ce and H2O can fractionate with 
respect to each other significantly, resulting in H2O/Ce ratios indepen
dent of the source composition (cyan line in Fig. 4B). In Fig. 4, we show 
that RFC can reproduce almost all 74220 melt inclusions, among which 
inclusions with the highest H2O/Ce ratios may have been captured into 
the host minerals after more turnovers, or experienced less post-eruption 
water loss (Zhang, 2020).

The high H2O/Ce ratios generated by RFC require numerous turn
overs. A steady state, for example, is achieved after 200 turnovers (cyan 
circles in Fig. 4A–B). In general, this number of turnovers is not unrea
sonable. A significant number of recharge cycles have also been sug
gested in tracking the evolution of K in mid-ocean ridge magma 
reservoirs on Earth (Coogan and O’Hara, 2015). A high turnover number 
typically indicates a deep and long-lived reservoir (Lee and Liu, 2021) or 
a high magmatic flux through small magma bodies. There is no good 
way to estimate typical magma reservoir sizes that gave rise to Apollo 
74220 samples, but given that some magma bodies on Earth that were 
originally thought to be kilometer-scale may be small and may exist in 
the form of sills (Lee et al., 2022), it could be expected if 74220 in
clusions evolved in a small reservoir. Further discussion of the effects of 
turnover numbers is provided in Section 3.5.

To evaluate the sensitivity of our models to the parental melt’s H2O, 
Ce, and MgO content, we varied the parental melt’s composition and 
applied the RFC model to reproduce the compositions of the two most 
water-enriched 74220 inclusions (1188 ± 119 and 1139 ± 114 μg/g 
H2O after PEC correction; Table S2), considering propagated un
certainties. We assumed the melt in the reservoir has approached a 
compositional steady state (~200 turnovers) and considered the range 
of plausible initial H2O and Ce concentrations to be 15–19 μg/g and 
0.5–0.8 μg/g, respectively. The H2O/Ce ratio of the parental melt 
calculated here is as low as ~19–38, one-quarter to half of the values 
estimated from 74220 melt inclusions when H2O/Ce was assumed not to 
fractionate (Chen et al., 2015; Hauri et al., 2015; Ni et al., 2019). The 
MgO contents of the parental melt are calculated to be 32.4. to 36.5 wt% 
with the above assumed crystallizing mineral assemblage, and can be 
25.8 wt% or even lower [similar to the melts that are in equilibrium with 
primitive lunar mantle cumulate prior to the solidification of 52% of the 
magma ocean in Rapp and Draper (2018)], depending on the weight 
percentage of olivine in the assemblage (Fig. S2B). Irrespective of the 
absolute value, the high MgO in the parental melt must be generated 
from highly primitive mantle cumulates (for more discussion see Sup
plementary Materials). Within the above major and trace element 
ranges, almost all inclusions are reproduced by the parental melt 
(Fig. 4C–D).

To reconstruct the water concentration in the source region, we can 
either apply a conservative volatile/refractory ratio (Hauri et al., 2015; 
Ni et al., 2019) or a reconstruction of magmatic processes (Hauri et al., 
2011; Stephant et al., 2020). The first approach requires that the con
tents of refractory elements in the source region are known. However, 
tracking elemental contents in the lunar mantle is challenging because 
of the complex secondary processes that may lead to mantle heteroge
neity during and after lunar magma ocean solidification (e.g., mantle 
overturn; Hess and Parmentier, 1995). Even for the application to the 
lunar primitive mantle, previous studies proposed bulk silicate Moon 
with refractory trace element concentrations ranging from 4-5 × CI 
chondrite (Snyder et al., 1992; Taylor et al., 2006), to ~2.5 × CI (bulk 
silicate Earth-like; Fu and Jacobsen, 2024; Taylor, 1982), to even 1 × CI 
chondrite (Ji and Dygert, 2023; Rapp and Draper, 2018), which would 
introduce significant computational uncertainties. To avoid the above 

Table 1 
Compositions of volatile and refractory elements in the parental melt of 74220 inclusions calculated by the RFC and REFC models, as well as volatile abundances in the 
source region.

No-garneta, RFC Parental melt (μg/g)

H2O Ce S Dy F Zr Cl Ba
​ 15–19 0.5–0.8 3–6 0.5–0.8 1.1–2.0 5–8 0.01–0.03 0.50–0.73
​ Source region (5–30% batch melting)b

​ DH2O H2O (μg/g) DS S (μg/g) DF F (μg/g) DCl Cl (μg/g)
​ 0.005–0.01 1–6 0.1–0.2 0.4–3 0.03–0.06 0.1–0.7 0.00005–0.00015 0.001–0.009

5% garneta, RFC Parental melt (μg/g)

​ H2O Ce S Dy F Zr Cl Ba
​ 13–16 0.2–0.7 3–6 1.9–2.8 1.0–1.7 7–11 0.01–0.03 0.50–0.73
​ Source region (5–30% batch melting)b

​ DH2O H2O (μg/g) DS S (μg/g) DF F (μg/g) DCl Cl (μg/g)
​ 0.005–0.01 1–5 0.1–0.2 0.4–3 0.03–0.06 0.1–0.6 0.00005–0.00015 0.001–0.009

No-garneta, REFCc Parental melt (μg/g)

​ H2O Ce S Dy F Zr Cl Ba
​ 59–73 1.0–1.6 18–37 0.8–1.2 2.7–4.7 10–16 0.05–0.23 3.03–4.44
​ Source region (5–30% batch melting)b

​ DH2O H2O (μg/g) DS S (μg/g) DF F (μg/g) DCl Cl (μg/g)
​ 0.005–0.01 3–22 0.1–0.2 3–16 0.03–0.06 0.2–1.6 0.00005–0.00015 0.003–0.07

a Two different crystallizing assemblages, one containing no garnet and the other containing 5% garnet. For RFC, we modeled the magma reservoir with 200 
turnovers for all volatiles.

b The partition coefficients of volatiles are from Hauri et al. (2011). More calculation details are given in the Supplementary Materials.
c 4% mass of evacuation in the REFC model; because the REFC model requires fewer turnovers (~60) to reach the steady state of H2O, we applied 60 turnovers for all 

volatiles (Fig. S6).
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uncertainties, we apply the second method here. We assume that the 
parental melt is generated by 5–30% batch melting of the source region 
(Hauri et al., 2011). The calculation results suggest that the water 
abundance in the source region could be as low as ~1–6 μg/g (Table 1). 
Interestingly, these concentrations are similar to those estimated for the 
mantle of ~2.0 Ga Chang’e-5 basalts (Hu et al., 2021). However, a 
consideration of magma recharge has not been made for Chang’e-5′s 
magma reservoir. Hence Chang’e-5 source may still be drier than the 
source of Apollo 74220. We also tested the scenario that a small amount 
of garnet appears in the crystallizing phase assemblage, as suggested by 
experimental studies (Green et al., 1975; Krawczynski and Grove, 2012). 
For H2O and Ce, the effect (e.g., 5 wt% crystallizing garnet) is very 
limited (Fig. S5), and we can still reproduce the compositions of 74220 
inclusions by RFC processes with a similar recharging partial melt 

composition (Table 1). This suggests that if recharge is important on the 
Moon and many turnover events took place during fractional crystalli
zation, the parental melt of 74220 could be much more water-depleted 
than previously thought (as low as ~13 μg/g), which is contrary to the 
highly water-enriched melt suggested by previous studies (Hauri et al., 
2011; Saal et al., 2008).

3.4. The effects of eruption on the water budget of parental melt affected 
by recharge-fractional crystallization

We note that the H2O concentrations of both parental melt and the 
source region estimated above are likely lower bounds, as we did not 
account for the effects of eruption above. Including eruption or evacu
ation (REFC) does not alter the overall elemental trends from RFC, but 

Table 2 
Modeled volatile element concentrations in the parental melt and mantle source of Apollo 74220 and 79135 melt inclusions from this study compared to previous 
studies.

Parental melt Mantle sourcea

H2O (μg/ 
g)

S (μg/g) F (μg/g) Cl (μg/g) Ref. H2O (μg/ 
g)

S (μg/g) F (μg/g) Cl (μg/g) Ref.

Apollo 74220 melt 
inclusions

​ ​ ​ ​ ​ ​ ​ ​ ​ ​

Measurementb 270–1202 447–884 36.6–72.1 0–2.38 Hauri et al. 
(2011)

79–409 193–352 7–26 0.14–0.83 Hauri et al. 
(2011)

RFC + 200 turnovers 15–19 3–6 1.1–2.0 0.01–0.03 This study 1–6 0.4–3 0.1–0.7 0.001–0.009 This study
REFC + 60 turnovers 59–73 18–37 2.7–4.7 0.05–0.23 This study 3–22 3–16 0.2–1.6 0.003–0.07 This study
RFC + 10 turnovers 100–128 36–71 4.2–7.3 0.11–0.48 This study 6–39 5–31 0.3–2.5 0.006–0.024 This study
REFC + 10 turnovers 123–157 44–87 5.1–8.9 0.14–0.59 This study 7–48 6–38 0.4–3.0 0.007–0.178 This study

Apollo 79135 melt 
inclusions

​ ​ ​ ​ ​ ​ ​ ​ ​ ​

Measurementb 450–694 259–650 43.3–70.5 1.36 Su and Zhang 
(2024)

37–153 91–205 2.2–10.6 0.05–0.29 This study

RFC + 200 turnovers 9–12 5–7 1.1–2.2 0.06–0.09 This study 1–4 1–3 0.1–0.8 0.0003–0.003 This study
REFC + 60 turnovers 35–43 27–37 2.6–5.4 0.05–0.07 This study 2–13 4–15 0.2–1.8 0.002–0.02 This study
RFC + 10 turnovers 62–76 53–72 4.0–8.3 0.11–0.15 This study 3–23 8–31 0.3–2.9 0.005–0.044 This study
REFC + 10 turnovers 76–93 65–88 4.8–10.1 0.13–0.18 This study 4–29 9–39 0.4–3.5 0.007–0.054 This study

a The calculations were conducted following the same methods described in Table 1, applying partition coefficients of volatiles and lunar mantle melting degree 
estimated by Hauri et al. (2011).

b Values after PEC corrections.

Fig. 5. Concentrations of H2O (A) in the parental melt and (B) in the mantle source of 74220 melt inclusions versus the number of turnovers in the magma reservoir. 
The RFC and REFC models are the same as those in Fig. 4, while the number of turnovers in the reservoir is varied in order to calculate the required concentrations of 
H2O in the parental melt that is able to reproduce the two most water-enriched 74220 melt inclusions (Table S2). The width of the bands in panel (A) capture the 
analytical uncertainties of H2O in the melt inclusions, while the band widths in panel (B) capture the propagation of analytical uncertainties and lunar mantle melting 
degrees (5–30% batch melting; Hauri et al., 2011). The estimated H2O concentrations of the primitive lunar mantle based on 74220 inclusions are provided for 
comparison and are taken from Table S1.
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simultaneous eruption or evacuation weakens the total effect of 
recharge on enriching incompatible elements and fractionating their 
relative abundances (compare yellow and blue lines in Fig. 4A-4B; 
Fig. 2B). Coogan and O’Hara (2015) proposed a recharge model with 4% 
eruption mass ratio as a suitable assumption for interpreting the 
geochemical characteristics of mid-ocean ridge basalts. Due to differ
ences in model set-up (e.g., calculation of recharge cycle), their eruption 
ratio may correspond to a higher eruption ratio defined here (Eq. S2). 
However, the mid-ocean ridge can create more efficient melt transport 
conduits than on the Moon due to its tectonics, and thus the mass ratio of 
eruptions in the lunar mantle could be much lower. Because of the lack 
of valid constraint on the eruption rate in the deep lunar mantle, we 
started with a REFC process with an eruption flux of 4% relative to total 
fluxes (crystallization and evacuation/eruption; Fig. 4A-4B), and 
exhibited the effect of variable eruption ratios in Fig. 2B. The 4% of 
eruption ratio will not significantly change the required MgO concen
trations. However, H2O and Ce both reach the compositional steady 
state after ~60 turnovers, which is earlier than without eruption (Eq. 
S6). Including eruption increases the required H2O and Ce abundances 
in the parental melt to 55–70 μg/g and 1.0–1.6 μg/g, respectively 
(Fig. S7), corresponding to a source region of 3–22 μg/g H2O (Table 1), 
still lower than the estimates from previous studies (Tables 2 and S1).

3.5. The effects of the frequency of recharge events

The number of turnovers in the magma reservoir is a key factor 
controlling the calculated H2O concentrations in the parental melt, and 
consequently those in the mantle source. However, the number of 
possible turnovers in the lunar magmatic systems remains uncon
strained. The turnovers in the magma reservoir depend on several var
iables, such as the degree of lunar mantle melting, as well as the size and 
structure of the reservoir. In the preceding sections, we allowed the 
turnover or recharge events to be as high as needed to reach steady state 
for H2O and H2O/Ce. Although the necessary turnover numbers of 
60–200 (REFC and RFC, respectively) are not unreasonable, it is also 
plausible that 74220 melt inclusion entrapment took place after less 

number of turnover events and perhaps before the incompatible ele
ments reached compositional steady state.

Therefore, to evaluate the effects of this parameter, here we exam
ined how sensitive the H2O concentrations and the H2O/Ce ratio of the 
parental melt are to variations in the turnover number. In both the RFC 
and REFC models, reproducing the two most water-rich 74220 melt 
inclusions [74220 A2 (Hauri et al., 2011) and 74220-OL7 (Su and 
Zhang, 2024); Table S2] requires H2O concentrations in the parental 
melt decrease with increasing turnover number (Fig. 5A). Notably, after 
only ~4–5 turnovers (Fig. 5B), the estimated H2O concentrations in the 
lunar mantle falls below previous values derived from the 74220 in
clusions (84–133 μg/g; Table S1). This suggests that, even if only a small 
number of magma reservoir turnovers took place, the estimated H2O 
concentrations in the lunar mantle will drop significantly. For example, 
only with 10 turnovers, the estimated water content of the 74220 melt 
inclusion source becomes 6–39 μg/g and 7–48 μg/g for RFC and REFC 
model respectively (Table 2), which is distinctly lower than the previous 
estimates of 84–133 μg/g (Ni et al., 2019; Su and Zhang, 2024).

While the H2O content of the parental melt starts to drop signifi
cantly only after a small number of recharge events (Fig. 5), affecting the 
H2O/Ce ratio of the melt requires a relatively greater number of turn
overs. However, even prior reaching a steady state, the recharge process 
acting in tandem with fractional crystallization can still elevate the 
H2O/Ce of the resulting melt significantly above that of the parental 
melt. After ~13 turnovers, the parental melt exhibits H2O/Ce ratios 
lower than those of most H2O-rich melt inclusions, reflecting divergence 
between the melt and the source region in terms of the conservative 
elemental ratios (Fig. 6).

4. Other volatiles in the lunar mantle source of 74220 melt 
inclusions

Similar to H2O and Ce, magmatic recharge must affect other 
incompatible element pairs commonly used to reconstruct source vola
tiles. These include volatile/refractory element pairs, such as S/Dy, F/ 
Zr, and Cl/Ba (e.g., Hauri et al., 2015). For all these elemental ratios, we 
found that the volatile element was more incompatible than the paired 
refractory element using the Monte Carlo method described above 
(Fig. S3). Some of the above elements may be more incompatible than Ce 
and H2O (e.g., Ba, Cl), requiring more turnovers to reach the steady 
state. To remain consistent with our above modeling, calculations were 
performed for 200 turnovers. Both volatile and refractory elements, as 
well as the elemental ratio increase with recharge, fitting the charac
teristics of 74220 melt inclusions (Fig. 7). Fractionation by recharge 
between S and Dy requires the absence of sulfide precipitation during 
the evolution of 74220, which has been confirmed by sulfide saturation 
experiments (Ding et al., 2018; Steenstra et al., 2018) and sulfur isotope 
study (Saal and Hauri, 2021). Still assuming the batch melting degree of 
the source is 5–30%, the required S, F, and Cl abundances in the source 
are 0.4–3 μg/g, 0.1–0.7 μg/g, and 0.001–0.009 μg/g in RFC model, 
whereas the abundances need to be increased to 3–16 μg/g, 0.2–1.6 μg/ 
g, and 0.003–0.07 μg/g, respectively if the REFC processes with 4% mass 
of evacuation is taken into account (Table 1; Fig. S8), remaining below 
estimates from prior studies (Tables 2 and S1). The estimated S, F, and Cl 
abundances of the mantle source, assuming only 10 turnovers, are 
provided in Table 2.

5. Implications for other incompatible elements in the source of 
74220 melt inclusions

Although our RFC and REFC models can explain the volatile element 
enrichment and volatile-to-non-volatile trace element ratios of 74220 
melt inclusions, it is crucial to evaluate whether the recharge process is 
consistent with other geochemical attributes of the 74220 melt 
inclusions.

Fig. 6. H2O/Ce in the parental melt versus the number of turnovers in the 
magma reservoir. The RFC and REFC models, along with the calculation of 
turnover numbers, are identical to those in Fig. 4. The widths of the bands 
correspond to the analytical uncertainties of H2O and Ce in the melt inclusions, 
while dashed lines represent the H2O/Ce ratios of the two most water-enriched 
74220 melt inclusions (Table S2).
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Fig. 7. Concentrations of (A) Dy versus S, and S/Dy versus MgO, (B) Zr versus F, and F/Zr versus MgO, and (C) Ba versus Cl, and Cl/Ba versus MgO for melt in
clusions in Apollo 17 sample 74220, as well as the orange glasses in 74220 for the comparison. For F and S, we employ the Monte Carlo method to reproduce the 
compositions of the two most water-enriched inclusions [74220 A2 (Hauri et al., 2011) and 74220-OL7 (Su and Zhang, 2024)], the same samples as we utilized in 
Fig. 4C-4D. For Cl, the above two samples cannot present the most volatile enriched sample, so we add 74220-OldOl2 (Ni et al., 2017) for Cl as the modeling targets. 
All symbols and modeling methods are the same as in Fig. 4.
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5.1. Ti enrichment in 74220 melt inclusions

Another characteristic of the volcanic glass and melt inclusions 
collected in the 74220 pyroclastic deposit is the high-Ti signature (TiO2 
= 6.22–12 53 wt%; Hauri et al., 2015; Table S2). McIntosh et al. (2024)
attributed the elevated Ti concentrations to an ilmenite-enriched 
cumulate mantle source and subsequent crystallization of olivine and 
ilmenite. However, in our recharge model, the crystallizing minerals 
should be buffered by the recharging melt, a process in an open system 
that is clearly different from magmatic differentiation in a closed system. 
Our recharge model suggests that the high TiO2 concentrations of 74220 
can result from a moderately low-TiO2 parent melt (1.0–1.3 wt%; Fig. 8
and Table S2), without requiring a large amount of ilmenite in the 
source. Only after ~20 turnovers, our model produces a steady state for 
the TiO2 contents.

5.2. Implications for REEs

The 74220 melt inclusions display a relatively flat and elevated Rare 
Earth Element (REE) pattern (Fig. S1; Chen et al., 2015; Hauri et al., 
2015; McIntosh et al., 2024; Ni et al., 2017; Su and Zhang, 2024). 
Therefore, for the RFC or REFC process to be important for explaining 
volatile budgets, it also needs to explain the REE patterns. The REE 
contents of 74220 inclusions have been interpreted to involve mantle 
hybridization with an enriched late-stage magma ocean cumulate source 
(e.g., McIntosh et al., 2024). With the partition coefficient data recom
mended by Monte-Carlo simulation, parental melt requires a light REE 
depleted pattern (Fig. S9), in order to balance the heavy-REE preferred 
crystallized minerals and generate a relatively flat 74220 melt inclusions 
REE pattern (Fig. S1). A small amount of garnet in the crystallized 
assemblage will return an even more heavy-REE enriched parental melt 
(Fig. S9). However, both scenarios are consistent with our finding that 
the source of the volatile-enriched lunar melt inclusions might be 
primitive, and that recharge from a volatile-depleted cumulate mantle 
could have played a key role in the evolution of lunar melts.

6. Other volatile-enriched lunar melt inclusions

In our study, we focused primarily on the melt inclusions from the 
Apollo 74220 sample because these data yielded some of the highest 
estimations of water and volatile content for the Moon. However, a 
recent study by Su and Zhang (2024) reported that the melt inclusions in 
Apollo 15597 and 79135 also exhibit comparatively high H2O/Ce ratios, 
closing the previously observed gap in H2O/Ce between inclusions in 
74220 and other Apollo samples. Here we show that, similar to that 
for74220 samples, the relatively elevated H2O/Ce, as well as other 
volatile/refractory element ratios, of inclusions in 15597 and 79135 can 
also be explained not only by the characteristics of the source region, but 
by magmatic recharge (Fig. 9).

Su and Zhang (2024) investigated seven olivine-hosted melt in
clusions in Apollo 79135, and found that the compositions of these in
clusions and their olivine host exhibited a bimodal distribution (e.g., 
Fo80 and Fo71 olivine). Trace elements and volatile compositions were 
reported for three of them, whereas one of them (79135-OL11-2) lacked 
major elements and the Mg# data for the host olivine. We, therefore, 
applied the PEC correction to 79135 melt inclusions and utilized both 
PEC correction values of inclusions in olivine with Fo# of 80 and 71 to 
correct 79135-OL11-2. Based on the olivine Fo values employed, we 
assumed that the MgO composition of 79135-OL11-2 was identical to 
that of 79135-OL1 (host olivine Fo#=80) and 79135-OL7 (host olivine 
Fo#=71) inclusions, respectively. Volatile-rich inclusions from Apollo 
15597 are pyroxene-hosted with highly fractionated compositions (e.g., 
MgO < 0.2 wt%; Su and Zhang, 2024). It is, therefore, difficult to esti
mate the primitive melt compositions of these extremely evolved melts 
by PEC correction and magma evolution reconstruction. However, the 
PEC correction will not significantly alter the commonly applied con
servative volatile/refractory ratio, and thus, we can still uncover valu
able clues about the volatile content of the lunar mantle from these 
inclusions.

Regarding the possible crystallizing mineral assemblage during the 
evolution of Apollo 79135 inclusions, although there is no genetic as
sociation between 79135 and 74220 (Su and Zhang, 2024), due to the 

Fig. 8. Concentrations of MgO versus TiO2 for melt inclusions and orange glasses in Apollo 17 sample 74220 compared with various magma differentiation models. 
(A) Relatively high TiO2 concentrations in 74220 inclusions are successfully reproduced by RFC processes from a parental melt with low TiO2 concentration. Only 
after ~20 turnovers, the TiO2 contents can approach the compositional steady state. (B) Monte Carlo method reproducing the compositions of the two most water- 
enriched inclusions, similar to what is presented in Fig. 4C-4D. The required TiO2 concentrations in the parental melt of 74220 inclusions are 1.0–1.3 wt%, if the 
crystallizing mineral assemblage contains no garnet. All symbols and modeling methods are the same as in Fig. 4.
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lack of studies reporting the petrogenesis of 79135 volcanic glass as well 
as the presence of the 74220-type orange glass in 79135 (Simon et al., 
1990), we assumed the crystallizing mineral assemblage of 79135 in
clusions is the same as that of the 74220 inclusions. Because of the 
highly evolved compositions of the melt inclusions in Apollo 15597, 
reconstructing their original melt composition and crystallizing mineral 
assemblage is extremely challenging. Likewise, as the first-order esti
mation, we assume the recharging melt of 15597 originated from a 
mantle source similar to that of 74220 and 79135 in the subsequent 
modeling.

Application of our recharge model to inclusions from 79135 samples, 
suggested that the recharge will elevate both Ce and H2O concentrations 

in the melt and decouple the H2O/Ce ratio from the source region 
significantly (Fig. 9A–B), reproducing the compositional evolution trend 
of all three 79135 inclusions. Much lower MgO concentrations in in
clusions hosted by Fo71 olivine may reflect the melt entrapment after 
evacuation from the original reservoir and following magma evolution. 
If we assumed the melting degree of the source region is 5–30%, as we 
did for 74220, the required H2O, S, F, and Cl abundances in the source 
are 1–4 μg/g, 1–3 μg/g, 0.1–0.8 μg/g, and 0.0003–0.003 μg/g in RFC 
model (Fig. S10), and 2–13 μg/g, 4–15 μg/g, 0.2–1.8 μg/g, and 
0.002–0.02 μg/g in REFC model with 4% mass of evacuation (Table S1
and 2). Likewise, the reduced number of turnovers within the reservoir 
would increase the aforementioned estimates. For example, with 10 

Fig. 9. (A-B) Concentrations of Ce versus H2O and H2O/Ce versus MgO for melt inclusions in Apollo 17 sample 79135. Also plotted are magma evolution models for 
fractional crystallization (FC; red lines), recharge and fractional crystallization (RFC, cyan lines), as well as recharge and fractional crystallization with 0.4% and 4% 
mass of evacuation trend (REFC, yellow and blue lines). (C-D) H2O/Ce versus MgO and S/Dy versus MgO for melt inclusions in Apollo 15 sample 15597. All data of 
79135 and 15597 inclusions are from Su and Zhang (2024) and are listed in Table S2.
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turnovers, the estimated H2O content of the source becomes 3–23 μg/g 
and 4–29 μg/g for RFC and REFC models, respectively (Table 2).

Since Su and Zhang (2024) did not report Zr or Ba concentrations of 
15597 inclusions after conducting deconvolution to SIMS analysis, we 
only presented recharge modeling to H2O/Ce and S/Dy ratios 
(Fig. 9C–D). If the parental melt of 15597 originated from a primitive 
cumulate mantle similar to 74220 and 79135, then recharge could still 
raise the volatile/refractory element ratio as the number of turnovers 
increases, and the subsequent fractional crystallization causes limited 
changes to these ratios, resulting in the formation of the inclusions in 
15597 with very evolved compositions and elevated volatile/refractory 
element ratios. Given that subsequent magma evolution without 
recharge is not expected to fractionate the volatile/refractory element 
ratios, the mantle source of 15597 melt inclusions must be relatively 
enriched in S and depleted in H2O compared to that of the 74220 in
clusions (Fig. 9C–D). Considering the calculation above, if the parental 
melt evolution of the volatile-enriched inclusions is influenced by 
recharge, then the source region of 79135 inclusions must have similar 
MgO, S, and F, but lower H2O and Cl, compared to that of 74220 
(Table 2). Therefore, even considering the magmatic recharge process, 
taking all the melt inclusion data together, it appears that the distribu
tion of volatiles in the primitive lunar mantle is heterogeneous, which 
may be caused by events such as cumulate mantle overturn (e.g., 
McCubbin et al., 2015) or the replenishment by the localized late ve
neers (e.g., Albarède et al., 2015).

7. The evidence of magmatic recharge – future directions

Our study demonstrates how considering magmatic recharge as a 
pre-entrapment process changes the interpretation of volatile-rich lunar 
melt inclusions. Magmatic recharge has indeed long been a focus in 
reconciling the observations of terrestrial magmatic samples. However, 
the role of continuous melt replenishment in lunar magmatic evolution 
has not been fully considered. One reason that previous studies did not 
generally associate lunar volatile-enriched melt with the magmatic 
recharge process might be that petrological studies did not report zoning 
in the associated minerals. Take Apollo 74220 inclusion as an example, 
although the high-pressure multiple saturation point of the melt (~3 
GPa; Krawczynski and Grove, 2012) indicates their deep origin, the in
clusions were likely captured by their host minerals in shallower magma 
reservoirs. In this scenario, the host olivine did not experience magmatic 
recharge process. Additionally, compared to terrestrial basalts, the 
lower viscosity of lunar mare basalts (e.g., Head and Wilson, 1992; 
Wilson and Head, 1981) may enhance cation diffusivity, while inhibit
ing the effectiveness of solute diffusion rate-based mechanisms in 
forming oscillatory zonation (Elardo and Shearer, 2014; Murase and 
McBirney, 1970), thereby obscuring the complex zonation associated 
with recharge. In olivine, Mg and Fe are among the most commonly 
examined parameters when evaluating compositional zoning (e.g., 
Elardo and Shearer, 2014; Wong et al., 2025). However, when the 
temperature of the recharging melt is relatively high (e.g., the primitive 
74220 parental magma), diffusion of cations such as Mg and Fe in the 
host olivine would be further enhanced (Dohmen et al., 2007; Dohmen 
and Chakraborty, 2007), leading to the homogenization of the elemental 
distribution. In addition, in the reservoir of the Apollo 74220 affected by 
magmatic recharge, compatible elements will reach the steady state 
more rapidly (e.g., ~1 turnovers for Mg; Eq. S6). Once steady state is 
achieved, even with continuous melt replenishment, the elemental 
concentrations of the magma and the crystallizing minerals will remain 
relatively stable and therefore may not produce compositional zoning in 
the host olivine. Under above circumstances, micro-petrological studies 
of lunar samples exhibiting textural anomalies are crucial. For terrestrial 
studies, in addition to reverse zoning, the mineral resorption and sub
sequent reaction, such as resorbed quartz with a pyroxene jacket found 
in terrestrial andesite (Eichelberger, 1978), has been treated as a robust 
index suggesting the replenishment of new melt during the mineral 

crystallization. Comparable textural features, if identified in lunar 
samples (e.g., Li et al., 2026), would provide strong independent con
straints on recharge processes and should be a focus of future lunar 
studies.

Another restriction on lunar samples is their limited depth of 
collection. Some large-scale terrestrial features make it easier to identify 
the existence of recharge. For instance, the reverse evolution in the 
composition of lava flow sections of continental flood basalts (e.g., Krans 
et al., 2024), more evolved compositions at the base transition to more 
primitive compositions toward the top, as well as upward increases in 
equilibrium temperatures calculated using mineral thermometers (e.g., 
Yu et al., 2015), are applied as indicators of magmatic recharge. The 
cyclic units with mineral reversals, usually the periodic variations of 
An# in plagioclase and Mg# in olivine and pyroxene (e.g., Brown, 1956; 
Huppert and Sparks, 1981; Irvine, 1977, Smewing, 1981; Yuan et al., 
2017), as well as the homogenous compositions over long distances in 
cumulate stratigraphy (e.g., Namur et al., 2015; VanTongeren and 
Mathez, 2013) and abrupt shifts in incompatible trace element ratios (e. 
g., Zr/Y; Ce/Yb; Djon et al., 2017) observed in the terrestrial layered 
intrusions, also suggest the occurrence of periodic recharge. Due to the 
absence of tectonics on the Moon, systematic lithological variations 
along the profile are difficult to evaluate, but more core sampling by 
future missions may provide useful information.

Given the limited quantity and sampling locality of the lunar samples 
mentioned above, examining the geochemical characteristics among 
samples with the same origin might be the best approach to indicate the 
role of recharge in the magmatic evolution of the Moon. In mid-ocean 
ridge basalts, magmatic recharge has been identified through enrich
ments in incompatible trace elements such as REE, at relatively constant 
Mg# or FeO* (e.g., O'Hara, 1977; Rannou et al., 2006), a trend that is 
inconsistent with simple fractional crystallization in a closed system (e. 
g., O’Neill and Jenner, 2012). Similarly, in continental flood basalts, 
recharge has been used to explain compatible elements remaining stable 
or showing increase, while incompatible elements (e.g., K2O, La, and Nb; 
Yu et al., 2015) as well as incompatible-element ratios (e.g., Nb/Th, Ce/ 
Pb; Hoyer et al., 2023) increase, which require repeated addition of 
primitive melts into magma reservoirs.

Finally, magmatic recharge is not only a mechanism for generating 
compositional anomalies but also an important process for thermally 
rejuvenating magma reservoirs and extending their lifetimes, as 
demonstrated in terrestrial systems (e.g., Barboni et al., 2015; Barboni 
et al., 2016). Remote sensing observations provide a complementary 
approach, that stratigraphic sequences with multiple lava units of 
different ages at a single site, such as the multi-stage magmatism with 
surface age ranging from 3.44 to 2.03 Ga at Chang’e-5 landing site 
identified by the ejected materials around the crater (Du et al., 2022), 
may signal the presence of long-lived magma reservoirs that require 
periodic recharge to sustain prolonged volcanic activity. In summary, 
applying the above geochemical, petrological, and stratigraphic di
agnostics, particularly involving the decoupling between compatible 
and incompatible elements, to lunar samples represents a promising 
direction for future work aimed at understanding the dynamics of lunar 
magmatism.

8. Concluding remarks

Melt inclusions are invaluable samples to probe the interior volatile 
element chemistry of the Moon. Yet, the chemistry of melt inclusions, 
particularly the highly incompatible element concentrations and the 
highly incompatible element to less incompatible element ratios, can be 
interpreted in more than one way. They can be interpreted utilizing 
recharge and fractional crystallization from a primitive mantle, or be 
reproduced via fractional crystallization of melt originating from a 
relatively more evolved source. Our study provides an alternative 
explanation to the volatile-enriched nature of some lunar melt in
clusions, a signature that results from magmatic recharge rather than a 
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primary signature representing the source concentration. Melt in the 
magma reservoir can gradually become enriched in incompatible ele
ments through continuous melt replenishment and fractional crystalli
zation until it approaches the compositional steady state. The major 
elements reach the steady state in fewer recharge events or cycles 
compared to the highly incompatible elements. However, as with any 
modeling, there are caveats. If any melt inclusions experienced post- 
entrapment degassing that was not corrected for, our estimates of 
water content may need to be revised slightly upwards. We note, how
ever, that the amount of such degassing is probably small based on 
previous studies (Ni et al., 2017; Su and Zhang, 2024). We must also 
acknowledge the uncertainties in our DCe and DH2O estimates. In Fig. 2A, 
we show that H2O/Ce negatively correlates with DH2O/DCe. If DH2O/DCe 
is greater than 1, for example, recharge would actually decrease H2O/ 

Ce, in which case, we would infer H2O/Ce ratios and H2O of the source 
region to be even higher than values of 74220 inclusions (Fig. S11). Of 
course, the above recharging effect will be diminished by melt evacua
tion in the reservoir (Fig. 2B). While uncertainties are large, the Monte- 
Carlo simulations suggest the DH2O/DCe is more likely to be less than 1 
(see Supplementary Materials). Based on the above discussions, we 
argue that magmatic recharge elevates the H2O/Ce ratios of melt in
clusions higher than those in their source regions, even before reaching 
the compositional steady state. This serves as a cautionary note that, 
depending on the frequency of the recharge events, recharge can cause 
the ratios of commonly applied volatile/refractory elements in melt to 
deviate from the ratios in the source.

Our recharge model suggests the volatile-enriched inclusions from 
Apollo samples may originate from a highly to moderately volatile-poor 

Fig. 10. Schematic illustration showing the scenario for the recharge in the magma reservoir of Apollo 74220 and other volatile-rich, lunar melt inclusions. The 
parental melt from the deep source region will continuously fill the reservoir and gradually enrich the melt with incompatible elements until reaching a steady state, 
when concentrations will be buffered by the crystallizing minerals and evacuation, while the major elements could reach the steady state much earlier in the 
processes (Eqs. S6 and S7). During the recharge process, the melt in the reservoir can be trapped by the crystallizing minerals, forming the melt inclusions with 
enriched H2O and Ce concentrations, as well as an H2O/Ce ratio different from their parental melt.

Fig. 11. Estimation of water abundance in the lunar mantle source and estimation methods in corresponding studies. All sources of compiled data are listed in 
Table S1. The orange and red areas represent the water abundance in the source of Apollo 74220 melt inclusions from this study, estimated by RFC (recharge and 
fractional crystallization) and REFC (recharge eruption, and fractional crystallization; while eruption ratio is 4 wt%) models, respectively (Tables 1 and 2). The water 
abundance range of Earth’s upper mantle is based on the compilation of water contents in the mantle sources of MORBs listed in Dasgupta and Aubaud (2025).
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mantle cumulate (Fig. 10). Considering both the high-temperature and 
high-pressure multiple saturation point of 74220 orange glass 
[~1550 ◦C and 3 GPa; (Green et al., 1975; Krawczynski and Grove, 
2012)], and the high MgO and moderately low TiO2 concentrations 
(~1.2 wt%; Fig. 8) in the parental melt, the partial melt may be 
generated from a deep and hybridized mantle cumulate without sig
nificant involvement of KREEP (see discussion in Supplementary Ma
terials). The extent of depletion of the incompatible volatile and non- 
volatile elements in the source compared to literature estimates de
pends on the efficiency of the magmatic recharge events. More 
magmatic overturn events yield more depleted source characteristics. 
The hybridized, volatile-depleted source may have formed and under
gone partial melting by gravitationally-driven lunar cumulate mantle 
overturn (Singletary and Grove, 2008), which could be decoupled from 
the KREEP component (Su et al., 2022).

To assess the efficiency of the magmatic recharge process during 
lunar magmatic episodes, further studies are needed regarding complex 
zonation in lunar minerals and their spatiotemporal correlation with the 
trace element-enriched samples. Geophysical studies could also shed 
light on whether complex magma conduit systems may have existed in 
the lunar interior, thereby providing relevant information on the path
ways of magmatic recharge. However, our study suggests that instead of 
originating from a wet source region, the water-rich lunar melts may 
derive from water-poor cumulate source regions in the lunar mantle. 
Our estimated water abundance mantle sources of water-enriched lunar 
melt inclusions may be up to 1 to 2 orders of magnitude lower than that 
of the Earth's shallow upper mantle, and lies in the lower end of previous 
water estimates of the lunar interior (Fig. 11). Even if the magmatic 
recharge process was not as efficient, considering only a modest number 
of recharge events leads to significantly lower estimates of volatile ele
ments in the mantle source, consistent with the Moon’s volatile deple
tion relative to the Earth expected from the giant impact origin.

CRediT authorship contribution statement

Dian Ji: Writing – review & editing, Writing – original draft, 
Investigation, Formal analysis, Data curation, Conceptualization. Raj
deep Dasgupta: Writing – review & editing, Supervision, Funding 
acquisition, Conceptualization. Cin-Ty Lee: Writing – review & editing, 
Supervision, Methodology, Conceptualization.

Data availability

Supporting data are available through Zenodo at https://doi. 
org/10.5281/zenodo.18111913.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments
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A dry lunar mantle reservoir for young mare basalts of Chang’e-5. Nature 600 
(7887), 49–53.

Hui, H., Peslier, A.H., Zhang, Y., Neal, C.R., 2013. Water in lunar anorthosites and 
evidence for a wet early Moon. Nat. Geosci. 6 (3), 177–180.

Huppert, H.E., Sparks, R.S.J., 1981. The fluid dynamics of a basaltic magma chamber 
replenished by influx of hot, dense ultrabasic magma. Contrib. Miner. Petrol. 75 (3), 
279–289.

Husain, L., Schaeffer, O.A., 1973. Lunar volcanism: age of the glass in the Apollo 17 
orange soil. Science 180 (4093), 1358–1360.

Irvine, T., 1977. Origin of chromitite layers in the Muskox intrusion and other stratiform 
intrusions: a new interpretation. Geology 5 (5), 273–277.

Ji, D., Dasgupta, R., 2025. Sulfur inventory of the young lunar mantle constrained by 
experimental sulfide saturation of Chang’e-5 mare basalts and a new sulfur solubility 
model for silicate melts in equilibrium with sulfides of variable metal–sulfur ratio. 
Geochim. Cosmochim. Acta 394, 284–297.

Ji, D., Dygert, N., 2023. Trace element evidence for serial processing of the lunar 
flotation crust and a depleted bulk Moon. Earth Planet. Sci. Lett. 602, 117958.

Ji, D., Dygert, N., 2024. Trace element partitioning between apatite and silicate melts: 
effects of major element composition, temperature, and oxygen fugacity, and 
implications for the volatile element budget of the lunar magma ocean. Geochim. 
Cosmochim. Acta 369, 141–159.

Kato, C., Moynier, F., Valdes, M.C., Dhaliwal, J.K., Day, J.M., 2015. Extensive volatile 
loss during formation and differentiation of the Moon. Nat. Commun. 6 (1), 7617.

Krans, S.R., Rooney, T.O., Kappelman, J.W., Yirgu, G., Ayalew, D., 2024. Magma 
evolution during main-phase continental flood basalt volcanism: a case for recharge- 
evacuation-assimilation-fractional crystallization in the Ethiopian low-Ti province. 
Geochem. Geophys. Geosyst. 25 (3), e2023GC011289.

Krawczynski, M.J., Grove, T.L., 2012. Experimental investigation of the influence of 
oxygen fugacity on the source depths for high titanium lunar ultramafic magmas. 
Geochim. Cosmochim. Acta 79, 1–19.

Lee, C.-T., Liu, B., 2021. Thick crust, hydrous magmas, and the paradox of voluminous 
cold magmatism. Volcanica 4 (2), 227–238.

Lee, C.-T., Sun, C., Sharton-Bierig, E., Phelps, P., Borchardt, J., Liu, B., Costin, G., 
Johnston, A.D., 2022. Widespread phosphorous excess in olivine, rapid crystal 
growth, and implications for magma dynamics. Volcanica 5 (2), 433–450.

Lee, C.-T.-A., Cheng, X., Horodyskyj, U., 2006. The development and refinement of 
continental arcs by primary basaltic magmatism, garnet pyroxenite accumulation, 
basaltic recharge and delamination: insights from the Sierra Nevada, California. 
Contrib. Miner. Petrol. 151, 222–242.

Lee, C.-T.-A., Lee, T.C., Wu, C.-T., 2014. Modeling the compositional evolution of 
recharging, evacuating, and fractionating (REFC) magma chambers: implications for 
differentiation of arc magmas. Geochim. Cosmochim. Acta 143, 8–22.

Li, P.Y., Jiang, Y., Zhao, K., Liao, S.Y., Che, X.C., Zhang, X.R., 2026. . A new pair of lunar 
gabbroic meteorites record magma recharge at ~ 3.0 Ga. Geochim. Cosmochim. 
Acta.

Lloyd, A.S., Ruprecht, P., Hauri, E.H., Rose, W., Gonnermann, H.M., Plank, T., 2014. 
NanoSIMS results from olivine-hosted melt embayments: magma ascent rate during 
explosive basaltic eruptions. J. Volcanol. Geoth. Res. 283, 1–18.

Lofgren, G.E., Huss, G.R., Wasserburg, G., 2006. An experimental study of trace-element 
partitioning between Ti-Al-clinopyroxene and melt: equilibrium and kinetic effects 
including sector zoning. Am. Mineral. 91 (10), 1596–1606.

Lowenstern, J.B., 1995. Applications of silicate-melt inclusions to the study of magmatic 
volatiles. Magmas, fluids and ore deposits. Mineral. Assoc. Canada Short Course 23, 
71–99.

Luo, B., Wang, Z., Song, J., Qian, Y., He, Q., Li, Y., Head, J.W., Moynier, F., Xiao, L., 
Becker, H., 2023. The magmatic architecture and evolution of the Chang’e-5 lunar 
basalts. Nat. Geosci. 16 (4), 301–308.

Mallik, A., Schwinger, S., Roy, A., Moitra, P., 2022. Controls on determining the bulk 
water content of the Moon. Meteorit. Planet. Sci. 57 (12), 2143–2157.
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